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A theoretical analysis of experimental observations on bound-free electronic transitions in 
molecules IS presented. Potential curves and A values are derived for these transitions and the 
of emission from a mercury trimer is also discussed briefly. These data are then used to produc 
model for an optically pumped 335 nm mercury laser. A table is given which predicts the small signal gair 
at 335 nm as a function of temperature, density, and the excimer density in the vapor. 

I. INTRODUCTION 

ecules, often known as excimer molecules, which have 
dissociative ground states and bound excited states. 
Such molecules are of interest  as possible high power 
visible o r  ultraviolet l a s e r s  because they avoid the lower 
state bottleneck which often inhibits electronic t ransi-  
tion lasers .  Owing to  the lack of a bound ground state,  
standard absorption techniques cannot be used to obtain 
the molecular structure parameters  needed for model- 
ing l a se r  systems. We have therefore developed new 
measurement techniques (both experimental and theore- 
tical) to obtain potential curves, transition rates,  and 
various kinetic r a t e s  for this c lass  of molecules. The 
e.xperinienta1 measurement techniques and their ap- 
plication to mercury vapor a r e  discussed by Drullinger 
ct  nl. In the present paper we will discuss the theoreti-  
cal analysis of the data thus obtained. In particular, we 
derive radiative transition rates,  potential curves for 
the ground state and several  excited states of Hg,, and 
also give a brief discussion of the possibility of emis-  
sion from a mercury t r imer .  We also present parame- 
t e r s  for design of an optically pumped Hg, excimer 
laser .  

The Hg, molecule is representative of a class  of mol- 

The data analyzed in this paper consist of both fluo- 
rescence and absorption data. The fluorescence mea-  
surements' used the 257.2 nm frequency doubled argon 
laser  line as an optical pump and the steady state fluo- 
resence signal was measured from 240 nm to 650 nm 
with a resolution of 20 nm (spectra obtained with higher 
resolution a r e  also discussed in Ref. 1). Measurements 
were made f o r  temperatures from 573 to 1273 K for 
atomic densities ranging from-10'' cm-3  to 2.2 X 10'' 
cm-'. Three representative spectral  traces are shown 
in Figs. 1, 2, and 3. In general, one sees  two strong 
molecular bands centered roughly at 335 and 500 nm; 
the latter wi l l  be r e fe r r ed  to as the 485 band to  be con- 
sistent with previous l i terature on mercury. At low 
densities there i s  also a significant signal from the very 
broad red wing of the collision broadened 253.7 nm 
(3P1-'S0) atomic transition. In Fig. 1, the pump l a se r  
was focused to a rather  small  beam diameter resulting 
in a power density the order  of 1.5 W/cm2. This pro-  
duced some two photon excitation of the 7 3S1 atomic state 
as Well a s  a rather  strong scattering of the 257.2 nm 
Pump laser and the 514. 5 nm primary laser.  In la ter  
data the Pump l a se r  was not tightly focused and very 
little if any  double pumping was observed; in addition, 
the 257.2 and 514. 5 nm laser  scattering were greatly 

reduced (owing to improved light baffles, etc. ). 

A s  mentioned ear l ier ,  the absorption measurements 
a re  quite difficult, requiring p res su res  in the range of 
one o r  more atmospheres, long absorption path lengths 
(e. g., 80 cm), and temperatures the order of 900-1300 
K. Kuhn and Freudenberg' have measured the absorp- 
tion spectrum photographically, and Drullinger et al. 
have measured the temperature and density dependence 
of the  absorption coefficient photoelectrica!lv at seve r i l  
key wavelengths. 

In Sec. II we discuss the theoretical basis for our 
analysis of the spectral  data. In Secs. III and IV these 
techniques are applied t o  the 335 and 485 bands, re- 
spectively. 
of an optically pumped laser .  

In Sec. V we discuss parameters  for design 

I t .  METHOD OF ANALYSIS 

A. General features 

Expressions for spontaneous emission, absorption, 
and stimulated emission in excimers  are derived in the 
Appendix using the assumptions that (1) the excited 

FIG. 1. Relative photon fluxz6 vs wavelength. The pr imary  
fea tures  a r e  the molecular bands a t  335 and 485 nm, the 253.7 
nm atomic line with i t s  s t rong red  wing duetocollisionbroaden- 
ing, s t rong scat ter ing of the 257.2 nm pump l a s e r ,  a weak fea- 
tu re  at 514.5 n m  due to  scat ter ing of the argon ion l a s e r  which 
was frequency doubled to produce the pump l a s e r ,  and weak 
atomic emission ;S, -3P0 , , , 2  at 404.6, 435.8, and 546.0 nm due 
to  two photon pumping of higher lying s ta tes .  
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state well depth is much greater than KT, ( 2 )  the vibra- 
tional spacing is much l e s s  than k T ,  and (3) the ground 
state well depth (if any) is shallow enough that the num- 
ber of bound ground state molecules is much less  than 
the number of atoms. Similar theoretical descriptions 
have been developed by Hedges c t  al . ,  Doyle, and 
Sando and Dalgarno. Throughout this section we will 
make a distinction between the excited state vibrational 
temperature Ta and the gas temperature T even though 
these two temperatures will  be equal for all  of b e  data 
analyzed in the present paper. 
make the equations more general and permit them to be 
used for the analysis of molecules excited by electrical  
discharges (see, for  example, Mosburg and Wilke7). 

This distinction will 

The  number of photons emitted into 47 steradians is 

( 2 . 1 )  
where n and b denote excited and ground states,  respec-  
tively, and T, is the vibrational temperature of the ex-  
cited state. A,, is an A value defined by 

where Dab@,) is the electronic transition dipole matrix 
element evaluated at  the internuclear separation R, at 
which the radiative transition takes place (according to 
the Franck-Condon principle), and gb is the electronic 
degeneracy of the ground state b. Other quantities ap- 
pearing in Eq. (2. 1) which refer to the electronic state 
n a r e  T I , ,  the density of excimers in the state a, the ro- 
tation-vibration partition function qa , the potential en-  
ergy V,@) as a function of internuclear separation (V ,  
= 0 at  the bottom of the excited state well), and a ther  - 
mal  de Broglie wavelength 

A,= m, (2.3) 

T.748 K 
N=2.2E+19cm-  

FIG. 2 .  Relative photon flux?6 vs  wavelength. Comparison uith 
Fig. 1 shows that increasing the density increases  the 485 nm 
molecular band intensity and decreases  the intensity of the 
253.7  nm atomic line relative to the 335 nm molecular band 
(see also Figs. 5 and 8) .  The laser sca t te r  and two photon 
Pumping a r e  also strongly reduced owing to the u s e  of a slightly 
wider  laser  beam ( i .  e. , decreased power density). 

I 1  [ t  

T= 1073 K 
PI = 2.2 E + I 9 cm-3 

9 

FIG. 3. Relative photon fluxz6 vs  wavelength. Comparing with 
Fig. 2 shows that an increase  in temperature  strongly increases  
the ratio of 335 to 485 nm molecular band intensities (see also 
Fig. 4). The intensity of the 2 5 3 . 7  nm l a s e r  line decreases  
slightly with temperature .  but this  i s  shown more  clear ly  in 
Fig. 9. Atomic sodium lines a t  589.0 and 589.6 nm (merged 
into a single feature  by the 2.  0 nm spectral  resolution) a r e  a lso 
present since the i 3 1 . 7 ~ ~  high temperature  causes  sodium atoms 
to be ejected f rom the glass  cel l  walls. 

in which p is the reduced m a s s  of the molecule (e. g., 
1.7 X lo-" g for Hgz). The line shape function @(A) is 
defined by (see Appendix) 

where Vb(R) is the potential energy of the ground state 
Vb(R)  - 0 as R -  00. 

= I ( %  x ) k ( ~ )  is 
The absorption coefficient defined by dI(X, x ) / d . ~  

where T is the gas temperature, n is the ground state 
atom density, ga is the electronic degeneracy of the 
excited state, and the negative t e r m  represents  stimu- 
lated emission. It should be noted that our line shape 
function @ ( A )  is not normalized although one can easily 
define normalized emission and absorption line profiles 
(see Appendix). 

One can obtain a simple classical  picture of Eqs. 
(2. 1)-(2.4)  by assuming that the  number of photons 
emitted in a radiative transition is given by the product 
of an A value A(R),  a delta function 6 {hv -E,  - V,(R) 
+ V,(R)}  which selects photons of wavelength X (E, de- 
notes the-energy of the bottom of the excited s t a t e  well ~ 

relative to the energy of a ground state atom), and the 
probability of finding the molecule at the internuclear 
distance R: 

P ( R )  d R  = 4a R 2  " kTa  d R / Z  a ?  (2.6) 

4iiR2e-va'R'lkTadR (2 .7)  
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I(h) is then given by 

where the point R, is defined by 

hv = E, + 1: (R,) - V,(RJ . (2.9) 

The classical l imit  of the partition function is given by 

With this expression Eq. (2.8) becomes identical to Eq. 
(2. l), thereby showing how I ( h )  and k ( A )  may be obtained 
when a classical description of the molecule is valid. 

Occasionally a case will arise where the spectrum due 
to one electronic transition overlaps with that of another. 
For example, the 485 and 335 fluorescence bands over- 
lap around 400 nm and two overlapping absorption bands 
a r e  discussed in Sec. III.A. In such cases  there  will 
be more than one value of R corresponding to a given 
wavelength A and it is necessary to  sum the right hand 
side of Eqs. (2.1) and (2.5) over RX.  

Equations (2 .1 )  and (2.5) were derived under the a s -  
sumption that the vibration-rotation levels a r e  in ther-  
mal equilibrium within a given electronic state (the 
various electronic states need not be in thermal equilib- 

-4 y/ ! 
i 

2; 2 5  30 3 5  
T = 960K ?E< 5 i 5x  480K 410K 

FIG. 4. 
%ure for several  different densities (h  cm-"). 
a r e  calibrated so :kat che ratio gives the number of photons 
emitted in the 43.5 band divided by the number emitted in the 
335 band. 
.' exp(6500/kT), where kT i s  in cm" [see Eq. (4.10) 1. 

Ratio of icteprated band intensities versus  tempera- 
A l l  of these data 

This r x i o  can be f i t  by the function 2 . 2  x loez4  71 

FIG. 5. Ratio of integrated band intensities vs  density for  
severa1 different temperatures  (in degrees  Kelvin). These data 
were  obtained using optical f i l ters  and a r e  thus not calibrated in 
t e r m s  of photon flus as a r e  the data of Fig. 4. The data at 
519 K have been shifted upward 1 o r d e r  of magnitude in order  
to clarify the figure. The low temperature  data of blatland and 
McCoubreyZ5 a r e  a l s o  included to show that this ratio approach- 
es an n2 dependence. 

rium, of course). Our first measurements were there- 
fore  intended to determine the conditions under which 
t h i s  assumption is valid. We first plotted the ratio of 
integrated band intensities for the 485 and 335 nm fluo- 
resence bands as a function of gas  temperature and 
density (Figs. 4-6). For  densities greater than 3~ 1017 
cm-3 and temperatures  greater  than 575 K, t he  log of 
t h i s  ratio is a linear function of l / k T  and the 6500 cm-' 

' 400 

I , I 
I .  .. 1 5  2 0  2 5  

( I O ' / k T l  in  cm 

FIG. 6. Ratio of intensities at various wavetengths 1 
485 band relative to the intensity a t  500 nm. 
beled by the wavelength A and, in parentheses, its S h J ' .  PA* 
slope of each plot i s  equal to its energy, in Cm-'. re1SUtve 
the energy of the s ta te  which emits  a t  500 nm. 

Each Plot !3- 
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slope is independent of density. This shows that the 
ratio of populations is indeed described by a Boltzmann 
factor and it also shows that the states which emit  the 
485 and 335 nm bands are separated by 6500 cm-' in 
energy. 

Figure 5 shows that fo r  the higher temperatures  and 
densities where thermal  equilibrium applies, the rat io  
of 485 and 335 nm bands is a linear function of gas 
density. If the 335 nm band is due to  spontaneous 
emission f rom an Hg2 dimer (as we have shown by mea- 
suring its density dependence in absorption), then the 
485 nm must resul t  from a n  Hg, complex. The latter 
could be either be a bound t r i m e r  o r  an unbound com- 
plex which could be referred to  as collision induced 
dimer emission. This  question will be discussed f u r -  
ther  in Sec. IV. 

6. Fluorescence analysis 

Having shown that the two different electronic states 
responsible for the prominent fluorescence bands were 
in thermal  equilibrium when n > 3 X 10l7 and T > 575 
K ,  we proceeded to  make log[Z(k)/Z(kr)] v s  l / k T  plots 
for  various wavelengths within the 485 and 335 bands. 
The log of this  ratio is (notice that .na and the partition 
functions cancel out) 

Thus, if we plot logZ(X)/I(X) vs  l /kT, the slope of the 
linear plot will give the relative potentials V,(R,,) 
- V,(R,) and the infinite temperature intercept will give 
the relative A@ values. By doing t h i s  for  several  val-  
ues of X, for  a fixed A', we can plot out V, as a function 
of wavelength. For  example, when studying the 485 band 
we use X' = 500 nm since we always have a strong signal 
at this  wavelength. Figure 6 shows a semilog plot of 
Z(X)/1(500)) v s  l /kT  fo r  several  wavelengths in the 485 
band; the number in parentheses gives the slope in em-'. 
The excellent linearity of these plots shows that the vi- 
brational states are in thermal  equilibrium as one 
would expect. These data, and several  more sets, 
which we have not plotted, have been analyzed by a 
linear least squares  computer program to obtain the 
slopes. The relative A@ values, Aab(X)@(X)/ 
4,(500)q)(500), a re  obtained from t h e  ( l /kT)  = 0 inter-  
cept of the plot. Since a small  e r r o r  in  the slope can 
produce a large variation in the zero  intercept, the A@ 
values are less accurate than the potentials themselves. 

This  simple method works rather  well when one band 
dominates over all others. This  method h a s  been used 
by Drullinger et a2.' to  evaluate the potential curves 
(upper and lower states) for  the 335 band from 300 to 
360 nm and for the 485 band from 400 to 600 nm. Over- 
lap of the 485 and 335 bands prevented u s  f rom going to 
longer wavelengths in the 335 band and to  shorter  wave- 
lengths in the 485 band. Extension of the 335 band to 
shorter  wavelengths is complicated by cverlap with the 
red wing of the collision broadened 253.7 nm atomic 
line. Extension of the 485 band to longer wavelengths 

was inhibited' by blackbody radiation from the oven, 
but this  has  been eliminated' by chopping the optical 
pump and using synchronous detection of the f luores-  
cence. 

C. Two density method for fluorescence 

A slightly more sophisticated method h a s  been de- 
veloped which extends the 335 band to the  range 280- 
370 nm with an order  of magnitude increase in accuracy 
over the region 300-360 nm. 
is extended to 350-360 nm again with an order  of mag- 
nitude increase in  accuracy over 400-600 nm. 

Similarly, t h e  485 band 

This  technique makes use of the fact that,, fo r  n > 10" 
the ratio of integrated band intensities, 1(485)./ 

Z(335), is proportional to  the vapor density (see Fig. 5). 
If Z(X, n, T) represents  the number of photons emitted 
at wavelength h, density n, and temperature T, then we 
may define 

where the subscripts 1 and 2 denote the contributions 
from the electronic s ta tes  responsible for the 335 and 
485 bands, respectively. Note that the A value for  the 
485 band, a,(h), does not have the s a m e  units as A,(X); 
t h i s  is due to the  fact that a&) also includes the ra te  of 
formation f o r  the Hg, complex which radiates  the 485 
band. 

In the region where the bands overlap, both t e r m s  in 
Eq. (2 .12)  must be retained; however, in the  cecter  of 
the bands we may write 

It is thus clear  that an expression such a s  

(2.15) 
contains no contribution from the state E1(X) (i. e.,  the 
335 band); hence it is possible to obtain the 485 po- 
tential curves  [by plotting the log of Eq. ( 2 . 1 5 )  vs  l /kT] 
even in  a region where the 335 band is stronger.  In 
practice this  technique works until the 335 band is about 
2 o r d e r s  of magnitude stronger than the contribution 
from the 485 band; at that point, t h e  1% noise level on 
the total signal produces an e r r o r  in the subtraction of 
the 335 contribution which is almost as large as the 485 
signal. The same technique can be used to extend the 
potential curves  for  the 335 band by using Z(500, n, T) in 
the denominator. 

111. 335 BAND 

A. Absorption data 

Figure 7 shows the low lying Hg, curves as well as 
some key radiative transitions which are used to locate 
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FIG. 7. Theoretical es t imates  of severa l  low lying Hgs poten- 
tial curves  based on ab initio calculations of hIg, and experi- 
mental observations on Hgz (Stevens' and X e s  et al . ' ) .  They 
a r e  intended to show (1) the relative energy ordering of the 
s ta tes .  ('2) the relative values of R e  (i.  e . ,  the internuclear sep- 
arations :it t h e  ho:toms of :he various wells), (3) the conver- 
Xence \>I' :he 0 ;  and 1, s ta tes  at small  internuclear distances. 
and (4) the approximate magnitude of the splitting between 
gerade and ungerade s ta tes .  

the energies of various ungerade states. 
of the gerade states a r e  not f irmly established and a r e  
at present only est imates  based on LS splittings in the 
atomic states. The two lowest excited states which can 
make allowed transitions to the ground state are the 
l,, and the 0:. On purely theoretical grounds (Stevensg 
and Mies et n2. lo), the 0; is expected to be weakly bound 
whereas the 1, is strongly bound. Consequently, the 
335 mm band (which is observed to go as n2 in absorp- 
tion) is ascribed to the 1,. 

the absorption coefficient k ( X )  was proportional to n2 
(for all c a s e s  where two photon pumping was absent, 
see Ref. 1, Sec. 1111. It was also found [by plotting the 
log of k (h )  v s  l / k T ]  that the absorption coefficients at 
2 5 7 . 2  and 265 nm could not be described by a single 
Boltzmann factor. This is not surprising since the 0: 
state should have an A value slightly larger  than that fo r  
the 1, state [due to i t s  greater  admixture of singlet char -  
acter (Stevens' and Mies 6.t al. '')]; consequently,  the^ 
absorption coefficient should be a sum of two t e r m s  

The locations 

In studying the absorption spectrum, it was found that  

k ( h ) =  , 2 Z ( k o C - ~ O ' ~ T + k l e - E ' ' ~ T )  , (3.1) 

where the subscripts 0 and 1 refer  to the 0;- 0: and 
0: - I, transitions, respectively. 
form we obtained excellent fits to the 2 5 7 . 2  and 265 

Using t h i s  functional 

nm data, the resul ts  of which are given in Table I. 
Notice that transitions to  the 0: state correspond to 
points rather high up the repulsive wall of the 0; ground 
state. For the X > 265 nm data, Eo >> El and the contri- 
bution from transitions to the 0: state were too weak to 
be measured (i. e., only the kl t e r m  was measured). . 
Comparing Eq. (3. 1) with Eq. ( 2 . 5 )  and noting that  g,, = 2 
and g, = 1, we see  that kl = (A2/4r) A,&)$(X); the mea- 
sured values of the product A@ are also given in TableI. 

B. Fluorescence data 

The molecular fluorescence data analyzed in this 
paper were excited with the 2 5 7 . 2  nm frequency doubled 
output of a 514.5 nm argon laser line. A s  shown in Fig, 
7, this laser line excites vibrational levels of the 1, 
state which lie above the  3P0 atomic level. This  highly 
excited 1, molecule can predissociate, via curve merg-  
ing with the 0; at small  R, into a 6 ' P 0 +  6 'So atom pair. 
The metastable 3P0 atom (natural lifetime = 1 sec)  then 
ac ts  as an energy reservoir  and feeds excitation into the 
various Hg: s ta tes  by three-body recombination pro- 
cesses.  This pumping scheme has been verified (for 
densities greater  than 2 X  1OI8 ~ m - ~ )  by exciting with a 
5 nsec l a se r  pulse at 256 nm (obtained from the fre- 
quency doubled output of a nitrogen pumped dye laser). 
The strong fluorescence near  the laser  pump frequency 
was observed to  decay in l e s s  than 1 nsec (the limit of 
our t ime resolution) after the exciting pulse was turned 
off. A weak fluorescence signal coincident in  t ime with 
the laser  pulse w a s  observed at all wavelengths in t h e  
335 nm band, indicating that  there  was some collisional 
redistribution of the directly pumped 1, states while the 
laser  pulse was on. However, the dominant molecular 
fluorescence turned on rather  slowly (100 nsec r i se -  
t ime) following the l a se r  pulse, indicating that most of 
the laser excitation was converted into 'Po metastable 
atoms as stated above. 

TABLE I. Summary of absorption measurements  and the up- 
per  s ta tes  assigned to them. All energies  are in cm-', and A 6  
i s  in cm3.  The tabulated ground s ta te  energy refers to the en- 
ergy at the point R, where the radiative transition takes  place. 
Data for transitions to 0; are ra ther  noisy owing to an insuf- 
ficient range in temperature  (T>>900 C would be needed) and 
the s teepness  of the exponentials exp(-V/kT). We were  unable 
to obtain reasonable es t imates  of A b  for the O,-Oi transition 
owing to the ra ther  la rge  uncertainty in the ground s ta te  en- 
ergy. The accuracy of the 1, energies  is the o r d e r  of i 100 
cm-'. 

Ground s ta te  Excited s ta te  
Unm) energy energy A(A) d 0 )  

257.2 (0:) 

257.2 (1,) 

265 (0:) 

265 (1,) 

2ao (1,) 

334. (13 
313. 1 (1,) 

+ 3800 + 1500 

- 150 
+ 6900 + 3000 

- 255 

- 170 

+ 550 

1600 

42 680 i 1500 

38 730 

44 640 i 3000 

37 480 

35 544 

32 487 

31 540 

~ 

- 
Uncertain 

7.3x 10-3 

Uncertain 
~ 

9. Q X  

2 . 3 7 ~  

4.20 x 

1. 87X IO-'' 
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The fluorescence data for  the 335 band were analyzed 
by both methods discussed in the previous section (Secs. 
II. B and II. C). It was found that the two density method 
was effective in removing the contribution due to the 
485 nm band on the long wavelength side of the 335 nm 
band. 
stricted only when t h e  ratio of 485 to  335 contributions 
became comparable to the signal to noise ratio of the 
data (see discussion in Sec. II. C). 

Our analysis of the long wavelength side was r e -  

On the short wavelength side of the 335 band, we be- 

280 nm which became rather  
gan to notice a deviation from linearity in the log[l(X):' 
Z(X')] vs  l / k T  plots for 
severe as one approached the 253.7 nm line. It was al- 
so clear that the region from 253.7 to 280 nm did not 
have the same density dependence as the 335 band. Plots 
were made of 1(262)/1(336) as a function of density, Fig. 
8, and it was  found that  this ratio approached a 1''n de-  
pendence a t  low n. This  same behavior was  observed 
at other wavelengths in the 253.7-280 nm range, with 
the l / n  behavior becoming less pronounced as  one ap-  
proached the 335 nm band (since the contribution due to 
the latter becomes dominant). This radiation is prob- 
ably due to overlap with the red wing of the collision 
broadened 253.7 nm line (see Fig. 9) with pernaps an 
additional contribution near 265 nm due to collision in- 
duced radiation from 3P0 atoms. The la t ter  process  
could occur when 3P0 and 'So atoms approach one another 
along the 0; curve (see Fig. 7), c r o s s  over to the 1, 
curve at small  R, and subsequently find themselves 
quasibound in the 1, state. Radiation could then occur 
from the outer turning point a t  265 nm and f rom the 
inner turning point at  some longer wavelength as yet un- 
observed. In either case, these radiators a r e  not ex- 
pected to be in thermal equilibrium with the vibrational 
states at the bottom of the 1, well (which emit at 335 
nm). This is due to the fact that the bottom of the 1, 

IO0 ! I '  ! , 8 1 8 4  

I- 

Density x 10-'ecm3 

FIG. 8. 
335 nm vs  density for two representat ive temperatures.  This  
plot i s  intended to show the behavior of the relat ive intensities 
of the collision broadened 2 5 3 . 7  atomic line tviiig and the 335 
nm molecular band. At low densi t ies  this  ratio I S  no longer in- 
dependent of density, indicating that the radiators  which emi t  
at 262 nm ( i .  e. , collision hroadened 6 3P atoms)  are not in 
thermal  equilibrium with the bottom of the 1, s ta te  in Bg,. 

Fluorescence intensity a t  262 nm relative to that at 

_______I r -__- 
6r 

5-  4 

?'C 2 5 5  E60 265 2'3 
X in nm 

FIG. 9. 
the tempera tures  800 "C and 350 "C showing the extensive red 
\ \ ing of the 2 7 3 .  7 nm atomic line. Any s t ruc ture  due to  self- 
reversa l  a t  the line center  is smeared  out due t o  the 2 . 0  nm 
resolution of the spectrometer .  

Fluorescence intensity at a density of 2 x 10'" cm" for 

curve is separated by the o rde r  of 6500 cm-' f rom the 
3P0 atomic level, and the collision rate  upwards, 
nva exp(- 6500/kT), cannot compete with radiative losses  
f rom the 1, state (using Y O =  lo-'' cm3 sec-' and A -  lo6 
se c -I). 

radiation in the 253.7-280 nm region, we attempted to 
remove its effect by the two density method. This  was 
not successful because there  w a s  too large a contribu- 
tion from the 335 nm band in the vicinity of 254 nm (see 
Sec. 11. C). Consequently, we have reported resul ts  
only for  X >  280. 

A(h)@(X) were evaluated over the range 280-370 nm 
with points every 0.2 nm; hence there  are 450 data 
points for each function. It is therefore convenient to 
represent these functions by the polynomials 

Having thus obtained some idea as to the source of the 

The potential curves V(X) and transition probabilities 

El(X)=31500+ V(X) , (3.2) 

V(X)=0.3106AX+1.457AX2+6.329X103AX2+1.877 

x 1 0 - 4 A ~ 4 + 1 . 9 6 8 ~ 1 0 ~ 6 ~ X 5 - 1 . 7 3 1 ~ 1 0 ~ 8 A X 6  , (3.3) 

A(X)@(X)=3.23x 10'31(313. 1 nm/X)3 (0.9169 - 1.099 

X 10-2AX- 1 . 1 5 8 ~  10-'hX2+ 5 . 8 5 1 ~  10'6AX3 

+3.512x10-7AX4- 1.456X104AX5-2.725 

x ~ O - ' ~ A X ~  cm7 ,  (3.4) 

where AX = (A - 340 nm), X is expressed in nm, V(X) 
expresses  the 1, potential energy in cm-' relative to 
V(340) = 0, which is  the bottom of the well, and E1(X) i s  
the absolute potential energy (i. e . ,  the energy relative 
to a ground state atom). 
data  in Eqs. (3.2) and (3.4) was determined by compari- 
son with the absorption measurement a t  313.1 nm. That 
is, Eq. (3.2) gives a ground s ta te  energy EI(X) - hvl of 

The absolute scaling of the 
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Smith, Drullinger, Hessel, and Cooper: Theoretical analysis of mercury molecules 5673 1 :  
TABLE 11. Summary of data f o r  transitions involving the 1, exci ted state. The internuclear 
distance R is given in atomic units and angstroms (the la t ter  i n  parentheses). Energies are 
given in cm-', . 4 6  is in cm3,  t h e d  value is in sec-', and the transition dipole D is in debyes. 
Absorption data a r e  marked with an as te r i sk .  

h(nm) R Ground state Excited s ta te  .4(A)d!A) A D 

257.2* 9.00 (4.76) - 150 38 730 7 . 3 0 ~ 1 0 - * ~  
265. * - 255 37 480 9.90 x 10-30 
280* 6.22 (3.29) - 150 35 544 2.37 
265 6.12 (3.24) - 0. 5 35 087 1 .37  2 . 9 4 ~ 1 0 ~  0.46 
290 6 .03  ( 3 .  19) 143 34 625 1. 19 4.65 0.59 
295 5.98 (3.17) 226 34 124 9. 68 X lo-" 7 .  64 0.78 

305 5. 92 (3. 13) 364 33 151 5.94 4. 06 0.60 
310 5.88 (3.11) 447 32 725 4.74 2 .39  0.47 

315 5. 83 (3.08) 610 32 356 3.93 1 . 5 1  0.38 
320 5.76 (3.05) 800 32 051 3. 41 1.27 0.36 

300 5.95 (3.15) 290 33 624 7.60 6.59 0.74 

313. I*  5. 84 (3. 09) 550 32 487 4.20 

325 5.70 (3 .  01) 1042 31  812 3. 07 1 .03  0.33 

334* 5.56 (2.94) 1600 31 540 1. 87 

345 5.40 (2.86) 2555 31 541 2.08 6. 07 0.23 

355 5.26 (2.76) 3698 31 867 1. 66 5.32 0.27 

365 5 .11  (2.70) 5210 32 608 1 . 2 0  3. 69 0.24 
370 5.04 (2.66) 6155 33 181 7 . 3 0 ~  2.44 0.20 

330 5. 62 (2. 97) 1337 31 640 2.  80 3 . 5 8 ~  10' 0.31 

335 5.55 (2.94) 1685 31 536 2.55 8 .  30 0.31 
340 5.48 (2.90) 2090 31 502 2.31 7.34 0.30 

350 5.33 (2. 82) 3088 31 659 1. 86 6.07 0.28 

360 5.19 (2.74) 4399 32 177 1.47 4.54 0.26 

550 cm-' a t  X=313. 1 nm and A @ ) @ ( X ) = 4 . 2 0 ~  
313.1 cm-' (see Table I). We expect the relative values 
of the potential function to be accurate to within 30 cm-', 
and the absolute energy E l @ )  should be accurate to with- 
in 50 cm". The absolute value of the product A(X)$(X) 
is accurate to within about 1@ and the relative values of 
A,$ should be accurate to within about 2%, except near 
280 nm, where there may be a larger  e r r o r  due to over- 
lap with the wing of the 2 5 3 . 7  nm atomic line. 

a t  

C. Radial scaling 

The potential V ( A )  should be sufficient for  laser mod- 
elins purposes; however, it is also interesting to have 
V(R)  for  comparison with ab i ~ i l i o  potential surfaces, 
etc. We have therefore applied a radial scale using the 
pseudopotential calculations of Baylis and Walornyj" 
for  the Hg2 ground state. At each wavelength, we f i rs t  
,determined the ground state energy for  the transition. 
We then assigned that transition to the internuclear d i s -  
tance R which gave the same ground state energy in  the 
Baylis-Waiornyj calculation. The results, including 
both fluorescence and absorption data, are tabulated in 
Table II and a r e  plotted in  Fig. 10. When the ground 
state energy is negative, the assignment of R i s  not 
unique since there  are two points, namely, the inner 
and outer turning points, which have t h e  same ground 

ror  in either the measurement o r  the theoretical ground 
state well depth could shift the value of R by the order  
of an angstrom. In this connection, it should be noted 
that the calculated well depth is 440 cm-', whereas an 
analysis of experimental data by Kuhn" gives an un- 
certainty of 530 cm-' < D, < 740 cm-' and our measure- 
ment (Sec. V o r  Ref. 1) gives 460 cm", in agreement 
with the value 480 cm-' obtained by Frank andGrotr iad3 
and by Koernieke. l4 Thus we a r e  at present unsure of 
the actual ground state well depth. 

tained from line broadening studies of the far wings of 
the 253.7 nm line 6 3P1-6 'So  by Kuhn" and by Per r in-  
Lagarde and Lennuier. 
be very careful in extracting the C6 coefficient for the 
excited state since both 3P0 and 3P1 states contribute. 
The relationship between the C t  and C i  coefficients is 
not known at present, hence one can only obtain upper 
and lower bounds for their values. In Fig. 10 we have 
therefore plotted C i / R 6  fo r  the maximum and mimimum 
values of C i  obtained from Kuhn's data (the data of 
Perrin-Legarde and Lennuier give a slightly lower maxi- 
mum value, but the minimum value is unchanged). In 
general, one would expect the t rue V ( R )  to  approach the 
C6 asymptote f rom below, and our V ( R )  sat isf ies  this 
condition. 

In Fig. 10, we have plotted the C 6 , / R 6  asymptotes ob- 

Kuhn points out tha t  one must 

- ~ 

state energy. For the fluorescence measurements at 
280 and 257.2 nm, we simply chose the most reasonable 
values of R by c o m p a r q  with the rest of the excited 
state data. For  the absorption at 265 nm, neither the 
Inner nor the outer turning point gave good agreement 
with the  rest of the excited state data. However, the 
potential is very flat in t h i s  region and a 200 cm-' e r -  

The excited state potentid curve evaluated in  this 
manner has been approximated by a Hulbert-Hirschfeld- 
e r  potential function which gave a vibrational frequency 
the order  of 150 cm-' and a rotational constant of 0. O 2  
cm-'. 

The potential curves  V(R)  must be regarded as very 
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FIG. 10. Ground s ta te  and 1, excited s ta te  potential curves  a s  
functions of internuclear distance. 
f rom the pseudopotential calculation of Baylis and Wolornyj. 
The dashed curves  represent  the upper and lower bounds on the 
C,/ 'R6 asymptote for the 1, s ta te  obtained f rom the data of Kuhn. 
The solid excited s ta te  curve  is obtained f rom our  fluorescence 
data and the open c i rc les  denote our absorption measurements .  
The radial sca le  for  our  absorption and fluorescence data was 
obtained by choosing the value o i  R in the Baylis-Wolornyj cal- 
culation which gave the s a m e  ground s ta te  energy as the &a- 
surement  for each wavelength plotted. When the ground s ta te  
energy is negative there  are two possibilities, namely, the 
inner and outer  turning points, and w e  simply chose the point 
which gave the most reasonable result. For the absorption at 
265 nm neither point gave very good agreement  with the res t  of 
the excited s ta te  data: however, the ground s ta te  potential i s  
very flat in this regionand 200 em-' uncertainty in e i ther  the 
measurement  or  the theoretical well depth could change the 265 
nm point by the o r d e r  of an  angstrom. 

The ground s ta te  is obtained 

approximate since the radial  scaling is based on a pseu- 
dopotential calculation which is surely in e r r o r  by some 
unknown amount. On the other hand, these curves a r e  
instructive since they do give some idea of the relative 
behavior of the 1, state as a function of R, and the com- 
parison with C i / R 6  indicates that our curves are physical- 
ly quite reasonable. 

With an approximate V(R)  in hand i t  is now possible to 
evaluate the line shape function +(A)  defined in Eq. (2.4) 
and thus obtain the A value for t h e  transition as well as 
the transition dipole moment f rom Eq. (2.2). Table 11 
contains the dipole moment as a function of internuclear 
separation as wel l  as the A value. These quantities a r e  
subject to considerable e r r o r  since they rely on the 
radial derivative of the potential difference function and 
small  e r r o r s  in V(R) will  be magnified by the derivative. 
We thus expect that the A value and the transition di-  
pole D ( R )  are accurate to  within a factor of 2 or so. 

It is interesting to note that while the bottom of the 
excited state well lies a t  about 340 nm, the peak emis-  
sion occurs  near 335 nm (depending on temperature). 
This is due to the fact that the product AQ increases  
with decreasing X and Zi is proportional to  X-2A@. For 

the same reason, the emission peak is observed to shift 
toward shorter  wavelengths as the temperature is in- 
creased (i. e.,  as the population is shifted higher in the 
1, well). On the other hand, the gain coefficient is pro-  
portional to h2A+, which means that the peak of the gain 
curve will  l ie slightly c loser  to 340 nm. 
lasers, however, the temperature will be rather  high 
(see Sec. V), so the peak wil l  again move back near 
335 nm. 

For practical  

IV. 485 BAND 

At low temperatures and high p res su res  there is a 
very broad emission band centered (after correcting for 
the spectrometer and phototube response curves) at 
500 nm. This band is usually called the 485 band be- 
cause uncalibrated spectral  data tend to  peak at 485 nm. 
When discussing this band i t  is important to keep in 
mind the fact that the response of phototubes falls off 
exponentially as one goes to red wavelengths and i t  is 
necessary to calibrate the spectral  data before one 
knows what the actual band shape looks like. For ex- 
ample, it is often thought that this band cuts off a t  about 
550 nm, yer. our ca ib ra t ed  spectral  (Fig. 2)  show that 
there is appreciable intensity even beyond 600 nm. 

A s  already mentioned, the ratio of 485 to 335 nm band 
intensities increases  linearly with the atom density 7 1  in 
the temperature-density range (T > 575 K, n > 3 X 10'' 
~ m - ~ ) ,  where these two electronic s ta tes  are known to 
be in thermal equilibrium (Fig. 5). The 335 nm band is 
known to come from Hg, (since it goes as 72' in absorp- 
tion); thus the 485 nm band could arise from either a 
stable Hg, molecule o r  a collision induced complex in- 
volving a metastable state of Hg, which is induced to 
radiate when perturbed by a collision. In the  latter case 
the radiation occurs when the atom -molecule interaction 
breaks the molecular symmetr ies  (e. g., gerade 7 gerade 
or + j + etc. ) which forbid radiation. The situation may 
be summarized by the  equations 

(4.3) 

where [X] is the ground state atom concentration. If the 
485 nm band is due to t r i m e r  emission, the atom [X] 
must be a mercury atom. If this band is due to  collision 
induced emission, the  atom-molecule interaction which 
induces the radiation (e. g., dispersion forces)  would 
not be specific to mercury atoms as per turbers  and any 
atom X should be capable of inducing t h e  radiation. We 
therefore performed a set  of experiments (Sec. 11 of 
Ref. 1) using foreign gases  to see if  the ratio 1485 ./I335 

would be proportional to the foreign gas  atom density 
(see Sec. II. F of Ref. 1). In all cases  this ratio was 
independent of the foreign gas density, thus arguing in 
favor of the Hg3 model for the 485 nm band. 

We note also that i f  the 485 nm radiation were due to 

- 

the collision induced mechanism, the d imer  state in- 
volved would most likely be the  0; state (see Fig. 7). 
Again this  makes the collision induced model seem un- 
likely since the spin-orbit splitting between the 1, and 
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0; states is expected to be (Stevensg and Mies et al. lo) 
much less than the 6500 cm-' which is the observed en-  
ergy spacing between the s ta tes  radiating the 335 and 
485 nm bands (see Fig. 4). 

Simple three state kinetic models have been employed 
Using in order  to test the collision induced hypothesis. 

this hypothesis it h a s  not been possible to explain the 
observation that 1(485)/1(335) is proportional to n for 
large values of 1.2 and rol ls  over into an I? dependence at 
low IZ (see Fig. 5).  On the other hand, a model invoking 
485 nm radiation from a stable t r imer  does predict this  
density dependence (due to the extra  factor of M r e -  
quired to collisionally stabilize the t r imer) .  In addition, 
measurements of the long t ime decay constant (Drul- 
linger ct al.,  Fig. 4 . 2 )  have shown an exponential tem- 
perature dependence which indicates a thermal destruc- 
tion of the 485 nm radiator. This  would be difficult to 
interpret in t e r m s  of a collision induced complex but it 
has been successfully modeled in t e r m s  of a stable 
t r imer .  More detailed kinetic studies a r e  currently in 
progress  and will be reported in a future publication. 

In order  to  defend the t r imer  model, we must explain 
the fact  that our plots of logl(a) j1(500)  vs l / k T  a r e  linear 
for all values of X between 350 and 540 nm (i. e.,  over 
most but not all of the observed band). This  would seem 
to indicate that (1) the states which radiate the various 
wavelengths within this band a r e  in thermal equilibrium 
with one another, and (3) for each wavelength, there is 
only one energy level which radiates at that wavelength 
(otherwise we would see  a sum of two o r  more expo- 
nentials corresponding to the different energy levels 
involved). However, a brief consideration of a triatomic 
potential surface makes it obvious that, owing to  the 
additional degrees of freedom, there  will be several  
states with various energies (i. e.,  a subset of points on 
the t r i m e r  potential surface) which can radiate at the 
same wavelength. 

For  example, let Va(rl r2 y )  represent  the interaction 
between the three atoms where rl and rz denote the posi- 
tions of two atoms relative to the  third, and r l -  r2 
=cosy. A s  in Eqs. (2 .6)-(2.  lo), the number of emitted 
photons may be given by 

where the locus of points Y: r$ y* is defined by 

h v = A V ( r t ~ ; y * ) = E , +  V,(Y?Y$?) - V,(r:r;y*) . 
( 4 . 5 )  

For  the dimer,  Eq. (2.8),  we had only a single point 
R, capable of emitting at  wavelength X (since V, - V ,  
is a monotonic function of R). 
we must integrate over a continuous set of points r f r t p  
which can all give rise to photons of wavelength A. 
Notice that the final result in Eq. ( 4 . 4 )  is an integral of 
the general type 

In t h e  case of a t r i m e r  

which will be proportional to a sum of two exponentials. 
In the case of Eq. (4 .4 ) ,  these exponentials are 
exp[- V,,(X)/kT] and e,up[- Vm"la(h)/kT], where V,, and 
Vmln are the highest and lowest s ta tes  which radiate a t  
wavelength X. If V,, is  much grea te r  than Vmin (e. g . ,  
2 or 3 t imes k T ) ,  the contribution from V,, would be 
negligible and we would observe only a single exponential 
factor. In such a case ,  the measured V(X) would repre-  
sent only the state of lowest energy which emits  at 
wavelength X. 

This picture could e.xplain why our plots of log(l,/ljoo) 
vs  l /kT  are perfectly linear for 340 n m s  X 540 nm. 
On the other hand, i f  there were a region of the potential 
surface where V,, and Vmin a r e  not very different. we 
should begin to see  a deviation from linearity at high 
temperatures for values of A in this region. A deviation 
from linearity i s  in fact observed for X> 540 nm, name- 
ly, for "internuclear distances" smal le r  than the equi- 
librium point (i. e . ,  the bottom of the well). For these 
wavelengths, we have used only the lower temperatures 
in determining V(X). We have attempted a two exponen- 
tial f i t  to the data in this region but the results did not 
seem reasonable in te rms  of our simple t r imer  models. 
However, the signal i s  very weak in this region and a 
more detailed theoretical study and probably more mea- 
surements  will be necessary before one can proceed 
further with the t r imer  analysis. 

As before, it i s  convenient to present the data in the 
form of polynomials in A .  
relative potential energy to within 50 cm-' over the range 
350-620 nm, except near  the band edges, where overlap 
with the 335 nm band (blue edge) and loss of photomulti- 
plier sensitivity ( red edge) increased fluctuations to 
i 100 cm-'. The f i t  to .4@ is accurate to within i 5% (the 
noise level of the data). Using eighth order  polynomials 
we obtained 

These polynomials fit the 

E,(x) = 24 a70 - 3 .  257x 10-2Aa+ 9. i i x  1 0 - 2 ~ ~ ~  + 2. z2ax ~ o - ~ A x ~  - 1 . 4 1 5 ~  1 0 - j ~ ~ '  

- 1.064~lO'7AX5+1.819~1O'9~~6+1.8~5~10'"11X7+4.202XIO~"~XB , 
and 

(4.7) 
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a z ( ~ ) 4 , ( A )  = 2 . 1 7 ~  10-55(500 nm/X)3 (0 .7292 - 6 . 6 4 6 ~  10'3AA+6. 012X lO-'AA'- 2 . 6 9 9 ~  10-9AX3 

- 2 . 1 0 2 ~  I04Ah4+ 1 . 2 8 7 ~  10-'0Ah5+ 2 . 5 3 5 ~  10-'2AA6- 6 . 7 6 5 ~  IO-l6AA7- 5 . 7 2 6 ~  10-'7AA8) cm' , (4 .8 )  

where AX= (A - 552 nm), h is in nm, and E,(X) is the 
absolute energy in cm-'. 
is in the vicinity of 552 nm, but the potential changes 
very slowly so it is difficult to specify the exact w y e -  
length for  the point of lowest energy. 

The bottom of the t r imer  well 

The absolute energy scale ,  which puts E,(552) at  
24 870 cm-', was determined by calculating the,energy 
of the d imer  state which radiates a t  340 nm [whose ab- 
solute energy was set at 31 500 cm" in Eq. (3. 2)] rela- 
tive to the state which radiates at 552 nm. 
energy, 6629 cm-', then fixes the absolute energy of 
E,(552). The relative energy measurement has an ac- 
curacy of about 2%; hence, the absolute energies for the 
485 band could be off by the order  of 150 cm". 

This relative 

The absolute scale  for  ad was determined from the 
fact that the ratio 1(500)/1(340) was observed to go as 

r(500)/1(340) = 4 . 7 2 ~  I z  P o O / k T  

where we have used the notation of Eq. (2 .14)  so that 
the subscripts 1 and 2 refer to states in the dimer and 
t r imer ,  respectively. Taking the value of A1(340)$,,(340) 
from Table 11, Eq. ( 4 . 9 )  then provides the scale  for 
the az(A)$&) values in Eq. (4 .8 ) .  The accuracy of this 
scale  relies on the measured energy difference E,(340) 
- E2(500) = 6500 cm-', which is only accurate to within 
2%. This e r r o r  produces an uncertainty the order  of 
2% in the absolute values of n(X)d(X); the relativevalues 
across  the 485 band should be good to within 5% o r  l@40 
as noted above. A list of potential energy functions and 
"transition probabilities" a(h)4(h)  for the 485 band is 
given in Table 111. 

To avoid confusion it should be noted that the intensi- 
ties in Eq. (4 .9 )  are measured at a specific wavelength 
X whereas the intensities plotted in Fig. 4 are integrated 
over  the ent i re  band. The integrated band intensities 
are observed to satisfy the equation 

I,,, /z3= = 2 . 2 ~  ne6500'bT . (4 .10 )  

Equations (4 .9)  and (4 .10 )  contain the same exponential 
factor (i. e. , 6500 cm-') because the points X = 340 nm 
and X = 500 nm lie very close to the emission maxima. 

One nibst be csreftil cot to intcrprct  c(L) as an A v d u e  
since i t  also contains t r imer  partition functions, etc. 
It i s  possible to obtain an order  of magnitude estimate 
for the t r imer  A value from the integrated band intensi- 
ties by assuming that  

(4.11) 1 4 8 ~ / 1 3 3 s  = n l A 4 0 5 / % A 3 3 5  = n K , , ( T ) A m  /A335 , 
where the subscripts 1 and 2 again re fer  to the dimer 
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and t r imer ,  respectively. 
are averaged over molecular s ta tes  weighted (by the 
vibrational population distribution) strongly toward the 
band centers .  

The 4 values in this equation 

The equilibrium constant Ki,(T) may be estimated by 
taking the ratio of a typical three-body formation ra te  
k, = 5 x cm6 sec-' to the two-body destruction ra te  
Izl - IO-' exp(- 6500/kT) cm3 sec-', the latter being an or- 
d e r  of magnitude estimate obtained from our  unpublished 
kinetic data. This ratio gives K ,  = 5 x  exp(6500/kT) 
cm3. One may also calculate K ,  using partition func- 
tions (Davidson, l6 pp. 125 and 2G6). Using a vibration- 
al frequency of 150 cm" for the dimer and all t r imer  
modes and rotational constants E, of 0.015 cm" and 
0 . 0 0 8  cm-' for the dimer and t r imer ,  we obtain es- 
sentially the same value of K ,  . Using this value and 
equating Eq. (4 .11)  to Eq. (4 .10)  gives 

A485 A335 /20 (4 .12)  

This gives a value for A,,5 much smal le r  than one would 
expect; however, this resul t  i s  only a crude estimate 
and may well be off by more than an order  of magnitude. 

I 

TABLE 111. Potential energy and "transition probability" for 
various wavelengths in the 4Y5 band. Energies  are given in 
cm-' and the units of a ( A ) h ( h )  a r e  cm6. Absolute values for the 
excited and ground s ta te  potentials and the transition proba- 
bilities a(,h) m(h) a r e  given a s  determined in Sec. IV. Values of 
the excited s ta te  potential and the transition probability relative 
to their  values at h = 550 a r e  a lso tabulated. 

Excited state e n e r z  dh)" 
Ground 
state 

h(nm) Relative Absolute energy *Relat ive  Absolute 

350 4543 29413  842 170 4 0 1 . 2 ~ 1 0 5 5  
360 4013 38 883 1105 137 161 .7  
370 3670 2 8  540 1513 102 1 2 0 . 4  
380 3354 23  224 1908 78.6 92. 8 
390 3002 27 s73 2231 4 9 . 2  58. 1 
400 2604 27 474 2474 31. a 3 7 . 5  
410 2180 27 050 2660 19. 8 2 3 . 4  
420 1762 26 632 2522 1 2 . 0  1 4 . 2  
43 0 1377 26 24; "991 7 . 2  3. 50 
440 1044 25 914 3187 4 . 5  5.  31 
450 7 7 5 . 1  25615 3423 3 . 2  3 . 7 8  
460 56Y.G 25439  3700 2 . 6  3 . 0 7  
470 4 1 7 . 3  25287  
480 309 .1  2 5 1 7 9  4346 2 . 2  2.60 3 

490 2 3 0 . 7  25100 itiY3 2 . 1  2 . 4 8  
500 170.6 25043  5041 2 . 0  2 . 3 6  
510 1 2 0 . 5  24980  5383 1 . 8  2 .12  
520 7 6 . 7  2 4 9 4 i  5716 1 . 6  1. a9 

3 9 . 7  24311) 6043 1 . 4  1. 6 5  
6364 ~ - 7. -- ~ 540 1 2 . 8  5 4 s p 3 - -  ~~~~ 

550 0. I 4  ' 7 0  664Y I .  0 1. 18 

570 "5.6 "4999 7355 0 . 7 6  0 . 9 0  
sso 6 5 . 8  -14936 7694 0 . 6 7  0. 79  
590 111.6 24932 032 0 . 5 8  0. 68 
600 1 6 2 . 9  25033  366 0 . 5 1  0 . 6 0  
610 228 .6  25099  705 0 . 4 6  0 . 5 4  
620 345 .1  25215  9036 0 . 4 4  0. 52 

i 
4011 2 .  3 2. 7 1  i i 

42 . - - - - 
530 ~~ .. .. 

560 5. d 25 430 7573 0 . 8 7  I. 03" 1055 
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V. PARAMETERS FOR AN OPTICALLY PUMPED 
LASER 

In this section we will ccnsider the conditions neces- 
sarlr for an opticallv pumped 335 nm laser :  the possi- 
bilib; of laser action on the 485 nm band will a lso be 
discussed briefly. 
is given in Eq. (2.  5 )  as 

The qain coefficient for the 335 band 

(5 .1 )  

where the sumcr ip ts  n and 5 re fer  to the excited 1, and 
ground 0; smtes  (see Fic.  7 ) .  From Table I1 we have 
A(335)@(335)  = 2. 5 5 x  loq3' c m 3  ami. usin? I L V , , ~ =  150 cni-' 
and B,=O. 07 cm-' (see Sec. 111. C). the partition func- 
tions required by Eq. (5 .1 )  a r e  (see Davidson. p. 
125) 

= h I,/- = 5.52 x 1 o-" ,' 1000 T c m , 

qvlb=12T/hvvib=4. 627 (T '1000)  , ( 5 . 2 )  

qrot = kT'(2.88 Be) = 1 .  21 Y 10' (T /1000)  , 

, \ ~ q , = 9 . 4 2 ~ 1 0 - ~ ~  c m 3 . ' T c m 3  . 

Using V,(335) = 34. 2 cm-' from Table 11, the earL 2: 
335 nm i s  

a(335)  = 1.2X lo-'* cm3 ~ ( l ~ ) ~ ' T , ' 1 0 0 0  K exp(- 34.2//zT), 

which means that, a t  T =  1000 K, a 1, density of 10'' 
cm-3 will yield about l%/m gain. 

(5 .3)  

In order  to supply this esc imer  density i t  is neces- 
s a r y  to minimize losses  which occur in three major 
ways. F i r s t  the power density of the opticalpumpshould 
be kept as low as possible to minimize two photon ex- 
citation of high lying s ta tes  which i s  a rather  strong ef- 
fect in the wavelength range 253.7-270.0 nmusedfor  op- 
tical pumping (see Sec. IV of Paper I).  This means that 
a high energy pulse of 1-10 p s e c  duration would be de- 
sirable since i t  i s  just  a bit shor te r  than the excimer 
lifetime which i s  the order  of 20-50 psec  depending on 
the temperature and density [see Fis .  (4 .2)  of Drul- 
linger et nl .  '1. Secondly, losses  via t r imer  formation 
and subsequent 485 band emission should be minimized 
by operating a t  low densities and high temperatures. 
Thirdly, the inversion density should be large enough 
that ground s ta te  absorption i s  a negligible effect. 

. 

It should also be noted that most of the escitationwill 
reside in the low lying metastable 0, exciniers ra ther  
than the 1, s ta te  (see Fig. 7 ) .  Analysis of the long'time 
decay constant indicates that these gerade s ta tes  l i e  
about 2500 cm-' below the 1, [e. g . ,  using the data  of 
Ref. 8, Fig. 4. 2 ) ,  the slope of ln(1 '7) v s  1:'kT i s  about 
2500 cm-']. If ? z t o t  represents the total excinier density 
and if t r i m e r  losses  are neqligible, the 1, density will 
be 

Thus it i s  desirable to operate a t  as hiqh a temperature 
as possible in order  to minimize the amount of excita- 

- 
tion which is "wasted" in the metastable ~ ~ c i m e r  s ta tes .  

Losses through t r imer  emission will be l e s s  than 107 
if I,,5> 10 I,,, . Usinq the measured value IbB3 Illj = '2 
X 10-24~texp(6500 ' k T ) .  from Eq. (4. 10). rhis condition 
becomes 

e 6 5 0 0 / k T  2 5 x 1022 /pL . ( 5 . 5 )  

For a density of 5 X  
the temperature be greater  than 1017 K. 

~ m - ~ ,  for example. this requires 

The population inversion which resul ts  in ground s ta te  
absorption losses  the order  of lo?; o r  less  i s  obcained 
from Eq. ( 2 . 5 )  using the excited and ground s ta te  po- 
tential energies Siven in Table 11: 

( 5 . 6 )  

Notice that the 1, density, given by the left side of the 
inequality, and the ground s ta te  absorber  density, pro- 
portional to the right hand side of the inequality. both 
increase exponentially with temperature. Since the 1, 
density increases  fas ter ,  it will be beneficial to raise 
the temperature. Increasing the temperature therefore 
minimizes t r i m e r  lo s ses ,  improves the inversion densi- 
ty, and increases  the 1, population. 

We also note that increasing the temperature reduces 
the amount of energy stored in the 3P,  atomic meta- 
stable state.  The la t ter  was estimated bv integrating 
the intensity of the 253.7 nm resonance line (whose red 
wing extends to 280 nm!) and comparing this with the 
integrated 335 band intensity. Assuming that the 'Po  
and 3P1 atomic s ta tes  are in equilibrium with one an- 
other for ! I >  3X 1017 cmp3 and T >  1000 K, this analysis 
shows that the atomic s ta tes  contain less than 10% of 
the excitation. Furthermore,  these atomic s ta tes  are 
not in equilibrium with the molecules (as noted in Sec. 
111. B, they are somewhat above their  equilibrium val- 
ues) and increasing the temperature tends to bring them 
c loser  to their  equilibrium values (i. e . ,  decreases  the 
amount of energy s tored in these states). 
though the amount of energy wasted in the 3P0 atomic 
nietastables is rather  small ,  this loss i s  also minimized 
by increasing the temperature. 

Thus, even 

We can now tabulate the 1, excimer density and the 
gain as functions of temperature  and the total excimer 
density t i t o t .  The gain i s  then calculated f rom Eqs. (5 .3 )  
and(5.4)andisgiveninTableTVas a functionof utot and 
T. The numbers in parentheses represent  the maximum 
permissible gas  density fo r  each case. The cases 
marked with a n  aster isk denote the fact that the gas den- 
s i ty  i s  limited by the condition that t r i m e r  losses be 
less than lo%, Eq. ( 5 . 5 ) .  For those cases with no as- 
terisk,  the gas  density is limited by the condition that 
a 10 to  1 population inversion be maintained relative to 
the ground state, Eq. (5.7). 
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TABLE IV. The small signal gain at 335 nm is given i n  percent per meter as a function of gas 
temperature T and the total excimer density ntOt.  Below each value of gain is the correspond- 
ing 1, excimer density and, in parentheses, the maximum permissible gas density, both in cm-'. 
For those cases marked by asterisk, the gas density is limited by trimer formation; for the 
cases with no asterisk, the gas density is limited by the condition that a 10% population inver- 
s ion  be maintained. For example, if the excimer density is 3 x  lo'' at 1300 K, one obtains an  
excimer density of 1 . 2 ~ 1 0 ' ~  ~ m - ~ .  a gain of 1 . 6 %  m, and a mzximum permissible gas density 
of 3 . 7  x 10l8 ~ m - ~ .  The gain is calculated with the expression 3 . 8 x  ntot d?? e-(- 2534/kT) 
obtained from E q s .  (5 .3)  and ( 5 . 4 ) .  

ntot T = 1 0 0 0  K T = 1300 K T = 2000 K 

- 

3 x 10" 0 . 0 9 4  0 . 2 5  0 . 8 2  
8.2X10'2 (1.0x10'a) 1 . 9 ~  1013 (1.2 x 101~) 4 . 9 5  x iot3 (I. 4 x 10'8) 

2 . 7 ~ 1 0 ~ ~  ( 1 . 7 ~ i o ~ ~ )  6 . 3 ~ 1 0 ' ~  ( 2 . 0 ~ 1 0 ' ~ )  1 . 6 5 ~  1014 ( 2 . 4 ~ 1 0 ~ ~ )  
i o t 5  0 . 3 1  0. 83 2 . 7  

3 x 1015 0 . 9 4  2 .5  8 . 2  

10'6 3 . 1  8 . 3  27.  

3 x 10'6 9 . 4  25. 82. 

8. 2 x 1013 ( 3 . 2  x io1a \  1 . 9  x 1014 (3. 7 x 4. 95x  l o t 4  ( 4 . 4 ~  

2 . 7 ~ 1 0 1 4  ( 4 . 3 ~ 1 0 9 *  6 . 3 ~ 1 0 ' ~  ( 6 . 5 ~  1 . 6 5 ~  1015 ( 7 . 5  x i o f 8 )  

8.2 x l o t 4  ( 4 . 3  X lo t8)*  1 . 9 ~  1 0 ' ~  (1.  2 x  i o 1 8 )  4.95XlOl5 (1 .4x10'9)  

2 . 7 ~ 1 0 ' ~  ( 4 . 3 ~ 1 0 9 *  6 .3X10l6  (2 .0X10L9)  1 . 6 5 ~ 1 0 ' ~  ( 2 . 4 ~ 1 0 ' ~ )  
1 0 ' ~  31. 83. 270. 

3 x i o t 7  94. 250. 820. 
8 .2X  l o t5  ( 4 . 3 ~  lo")* 1. 9 x  ( 3 . 7 ~  l o i 9 ) *  4 . 9 5 x  10'6 ( 4 . 4 x  1 0 9  

that t r i m e r  losses be less than 1 6 ,  Eq. ( 5 . 5 ) .  For 
those cases  with no aster isk,  the gas  density is limited 
by the condition that a 10 to 1 population inversion be 
maintained relative to the ground s ta te ,  Eq. ( 5 . 7 ) .  

In a 335 laser, a large amount of energy will be  s tored 
in the low lying metastable states 0;. In order  to con- 
v e r t  this energy into 1, molecules which produce the 335 
nm emission, i t  i s  necessary to raise the vibrational 
temperature. In a conventional optically pumped laser, 
the vibrational temperature and the gas  temperature will 
be the same.  This  means that, for reasonable tempera- 
tures  T <  1300 K, only 5% of the total excimer energy 
will be available for laser emission. However, in elec- 
trically excited lasers, it i s  possible to obtain vibra- 
tional temperatures which are much higher than the gas  
temperature (Mosburg and Wilke7). It i s  therefore quite 
reasonable to expect that a l a r se  f r x t i o n  of the excimer 
energy can be converted into laser output. 

In order  to obtain gain on the 485 band one would want 
low temperatures  and high densities. For densit ies 
above 3X l O I 7  cmm3 and temperatures slightly above that 
which would produce condensation, essentially all the 
(optically produced) excimer energy channels through 
the 485 band. This  gives almost 2 o r d e r s  of magnitude 
improvement in energy extraction over a lozv tempera- 
ture ( T <  1300 K) optically pumped 335 laser. On the 
other hand, the 485 band width i s  about 5 times wider 
and the A value may be 20 t imes smal le r  [Eq. (4.12)], 
resulting in a gain about 2 orders of magnitude lower 
than that for the 335 band. 
metastable t r i m e r  s ta tes  which will reduce the energy 
available for a 485 l a s e r ,  and finally, there is a s t rong 
absorption near  485 nm in the d imer  (Hill et nl. 
Sec. IV of Drullinqer et al. I) .  The prospects for a 485 
laser thus seem l e s s  favcrable than those for a 335 
laser. 

There may also be low Iying 

and 
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APPENDIX: EMISSION AND ABSORPTION IN 
DIATOMIC EXCIMER MOLECULES 

For a two-level absorber ,  the absorption coefficient 
is generally given by (Herzberg, p. 383) 

where i and j denote all degenerate s ta tes  for each level; 
a and b denote excited and ground electronic s ta tes ;  do 
and db are the degeneracy factors ( i .  e. , the number of 
degenerate electronic , rotational, and vibrational states) 
for  the levels a and b,  respectively; f ( v )  i s  a normalized 
l ine shape function; v i s  the frequency in sec"; D i s  the 
transition dipole moment operator;  and n, and ab are 
the population densit ies in the upper and lower states.  
The A value i s  defined by (Herzberg, l' p. 21) 

where g is the elPrtrnnic degeneracy (assuming all de- 
generate electronic s ta tes  have the same  dipole matrix 
elements) and (25+ l)wJ denotes the degeneracy of roca- 
tion vibration s ta tes .  
factor. ) 

(w, i s  the nuclear degeneracy 

The situation i s  slightly complicated for  excimer 
molecules because severa l  vibration-rotation s ta tes  
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can radiate a t  the same  frequency and one must be care-  
ful to include their contributions correctly.  We will 
therefore use f(v) = 6[v  - (Eo- E,, - E,,,,),’h], where the 
energies E,, and Ev, , ,  are measured from the‘ bottom of 
their respective potential wells (we will allow for a sha l -  
low van d e r  Waals well in the lower state) and sum over 
all vibration-rotation s ta tes .  Our k ,  is given 3s 

The sums over .\I and ,\I’ are readily performed by in- 
troducing the line strength S ,  ,, (Herzberg. *’ pp. 127 
and 208) which has the property that CJ.SJ,. =S,, S,. 
= (2Jt 1): 

I(ntJ.lI( D~bi~’J’.11’)~2=S,~~(ai~J~D!6z~’J‘~/2 . 
MU‘ 

(A4) 
In this expression I nt>J)  and ~ h ‘ J ’ )  denote vibrational 
wavefunctions (i. e . ,  solutions of the radial Schradinger 
equation) . 

In o r d e r  to evaluate the ground s ta te  absorber  density 
n,,. J ,  , we consider the number of ground state atom 
pa i rs  (i. e .  , bound as well as unbound molecules) which 
hav.e an energy E,. J n :  

The total number of ground s ta te  atoms i s  denoted by 
N, q is the partition function which includes contribu- 
tions f rom bound and f r ee  s ta tes ;  and T i s  the gas  tem- 
perature.  Since the ground state well depth Do is very 
shallow ( i .e . ,  D , < k T ) ,  only a negligible fraction of 
ground s ta te  atom pa i rs  will be bound. We thus use 

= 1 d 37 d 3p e - P 2 1 2 a k T  = ~ ~ 1 - 3  e - D o / k T  (A6) 

where 52 denotes the volume of the system and A i s  the 
thermal de  Broglie wavelength 

A =  Jm. 
Equation (A5) thus becomes 

where n i s  the ground s t a t e  atom density. It i s  also con- 
venient to transform the ground s ta te  vibrational wave- 
functions into continuum states  via  the transformation 
(Mieslg) 

Using Eqs. (.44), (A8). and (A9). the absorption coeffi- 
cient becomes 

where T ,  is the vibrational temperature fo r  the excited 
state, and nu and qa are the density and rotation-vibra- 
tion partition function for excited molecules in the n 
state, again including (in principle) both bound and free 
s ta tes  . 

The dipole matr ix  element in Eq.  (A10) can be  ex- 
pressed in t e r m s  of vibrational wavefunctions as 

where D,,(R) denotes the dipole matr ix  element between 
the electrontc s ta tes  a and 6 .  
evaluated using WKB wavefunctions. 2o in which case  one 
finds that the integrand i s  sharply peaked about a cri t ical  
radius R, at which the radial  momenta for upper and 
lower s ta tes  are equal (Franck-Condon principle): 

This integral can be 

(‘412) 
or ,  since E = E ,  - E,, - h v ,  

I 
E E, c Vc(R) - V,’(R) , (A131 

where V, and Viequal zero  a t  the bottoms of the ex- 
cited s ta te  and ground s ta te  wells,  respectively. In the 
las t  line of Eq. (A13) we have used the fact that the ro- 
tational levels with large thermal populations correspond 
to large J values, thus the &I= f 1, 0 selection rule im- 
plies that the rotational energies essentially cancel out. 
That i s ,  for a given vibrational level and a specific R,, 
all rotational levels emit photons of essentially the 
s a m e  frequency. 

There i s  some rotational broadening due to the in- 
exact cancellation of the rotational energies,  but this is 
negligible for our purposes. Since the integrand in Eq. 
( A l l )  i s  sharply peaked a t  R,, the function D,, may be 
factored out as Doa(Ru) and the remaining Franck-Con- 
don overlap integral evaluated by the method of station- 
a r y  phase. MiesZ0 argues that the WKB phase integral 
(the integral over  the radial  momentum) for the repul- 
sive state will be small  (compared with a) at the point 
R,. Equation ( A l l )  then reduces to 

( a d  brJ’)= O,,(R,)’k,J,(R,)/J(d;dR,)[V,(R,) - V;(R,)] . 
(A141 
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If the WKB phase integral is not small ,  \Liv is  replaced 
by a slightly more  complicated function of R,. We must 
therefore emphasize that, fo r  the high temperatures  of 
interest  to u s  (2'2400 "K) this phase integral will be 
small  only if R, l ies near  the classical  turning point 
for  the repulsive state (within 0.5 A) .  
good approximation since the WKB continuum wavefunc- 
tion i s  sharply peaked about the classical  turning point. 
In fact, one must be somewhat careful about using a 
WKB wavefunction for 'kin (RJ, because the la t ter  di- 
verges  a t  the turning point. However, Eq. (A14) can 
also be derived using Airy wavefunctions which do not 
diverge"; hence one can readily find well-behaved wave- 
functions for use with this expression. It should be 
noted that Eq. (A14) i s  quite s imilar  to the "reflection 
method" (Herzberg, p. 392) in which the repulsive 
s ta te  wavefunction is replaced by a delta function a t  the 
classical  turning point. It should also be  noted that Eq. 
(A14) breaks down if the derivative of ( V a -  V,) should 
vanish at  R, ; in such a case  one must use a higher o r -  

This will be a 

- 

d e r  stationary phase integration. We  next note that tne 
vibrational wavefunction *:, depends on J only through 
the radial  kinetic energy E,,  - V a ( R )  - tZ2J(J+ l)/ZpR'.  
Since for not too large values of J the shape of the po- 
tential energy curve V,(R) + E 2 J ( J +  1)/2pRZ does not dif- 
f e r  appreciably from that of V a ( R ) ,  we will approximate 
the rotational energy E 2 J ( J +  1)/2pR by using R = R,. 
This approximation ignores a small  distortion produced 
by the rotational energy, but this should be negligible 
fo r  our purposes. '' Therefore, if we replace E,, in 
Eq. (A10) by 

E ~ J ( J +  I )  E,, = E 
'+ Z p R :  

the radial  energy becomes E,,- Vu(R)  - k 2 J ( J +  l)/ZpR 
=E,-  V,(R), and the vibrational wavefunction 'kuuJ be- 
comes simply since it no longer depends on J .  Us- 
ing Eqs. (A14) and (A15) we may perform the sum over 
J '  in Eq. (A10) which yields ( 2 5 +  1). We thus obtain 

where we have replaced d(Vn-  IfL)/dR,, by l i (dv /dR)  using Eq. (A13). 
which yields 4;iRZ/*I2. 
s tant  CY = p w / E  [iUerzbacherZ3 and Bateman" identity (22), p. 1941: 

The sum over  J is converted into an integral 
The sum over ii is performed using harmonic oscillator wavefunctions with a force con- 

This  resul t  represents  the contribution from both bound and free states assuming complete thermal equilibrium; 
i t  can also be derived using WKB wavefunctions which a r e  more appropriate for  f r ee  s ta tes ,  In any case,  the con- 
tribution f rom the free s ta tes  is negligible since it is proportional to eLxp(- D / k T ) ,  where D- 800 cm-' is the dis- 
sociation energy of the 31, state. For  simplicity we define a ground state potential function 

which goes to zero as R - - .  Equation (A16) now becomes 

where A, i s  a de Broglie wavelength at  the temperature 
T, [cf. Eq. (A7)] and 

(A201 A,,(v) = (64n4v3/3hc3)g,lDa,(R,) l 2  . 
+ ( v )  is an unnormalized l ine shape function defined by 

(A2 1)  @ ( v ) = 4 ~ R ;  dR, - . 
ClV 

One could define normalized emission and absorption 
line shape functions 

f A ( v )  = + ( v )  ~ ' V t . ( R U ) I ~ T  (1 d3Re-vb'R'/hT ' ' (A22) 

f E ( v )  = ,$ ( v )  e-vn(R~'IbT 

T 
but for  our purposes, Eq. (A19) is more convenient as 
i t  stands. 

The total number of photons emitted into 4n steradians 
per  unit frequency interval i s  evaluated in exactly the 
s a m e  way as Eqs. (A1)-(Al9).  It i s  given by 

Since our data are scaled in wavelength, we will use 
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